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Abstract: This study was carried out to determine the diurnal distributions of phytoplankton density, bio-volume, and
chlorophyll a in relation to nutrients and CTD measurements in surface waters of the coastal area in the Dardanelles
during high density of phytoplankton, especially high diatom production (between 3 July and 4 August 2002). Ninety nine
surface samples were collected for nutrient, chlorophyll a, and phytoplankton in 3 different time periods of the day (08:00,
13:00 and 18:00 hours) in the sampling period. Based on the sample analyses, average temperature, salinity, pH, DO,
TDS, TSS, NO',+NO’,, PO'34, SiO,, chlorophyll a, N:P, and Si:P were calculated as 25 °C, 23.3 ppt, 8.42, 9.26 mg L', 239
gL', 36.1mgL", 1.90 uM, 0.24 uM,3.61 uM, 1.70 ug L, 12.5, and 25, respectively. Total phytoplankton density and bio-
volume varied from 2.86 x 10° to 1.5 x 10" cells L' and from 5.98 x 10° to 8.81 x 10"’ um’ L, respectively. Contribution
rate of Bacillariophyceae (66.5%) to total phytoplankton bio-volume was higher than that of Dinophyceae (31.0%).
Phytoplankton community structure was observed to be controlled by 6-7 species. Other species can be considered as
insignificant species that do not cause important fluctuations in the phytoplankton density and bio-volume. It has been
reported that there were 9-11 population growth slopes for different species at different times and densities. Therefore,
life cycles of phytoplankton species were completed between 3 and 4 days. Diurnal variations of biological and
physicochemical parameters in the time interval between 0800 and 18:00 were generally much higher than daily variations
between 3 July and 4 August 2002 due to the 2 counter flows system of the Dardanelles and domestic inputs of Canakkale

city.
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Canakkale Bogazr’nda son yaz doneminde fitoplankton'da olusan giinliik degisimler
ve baz1 fizikokimyasal degiskenlerle olan karsilikli iliskileri

Ozet: Bu caligma, Canakkale Bogazrnin kiyisal bir bdlgesinin yiizey suyunda yil iginde asir1 fitoplankton, zellikle asir1
diyatom iireme donemlerinden biri olan 3 Temmuz ve 4 Agustos 2002 periyodunda besin tuzlar1 ve diger bazi
fizikokimyasal degisimlerle iliskili olarak fitoplankton yogunlugu, biyo-hacim ve klorofil-a diizeylerinin giinlik
dagilimlarini belirlemek amaciyla planlanmistir. Bu amagla, s6z konusu 6rnekleme déneminde giiniin farkli zaman
dilimlerinde (08:00, 13:00 ve 18:00 saatlerinde) besin tuzlari, klorofil-a ve fitoplankton i¢in 99 érnekleme yapilmustir.
Orneklerin analizi sonucunda, ortalama tuzluluk, pH, ¢éziinmiis oksijen (GCO), toplam ¢dziinmiis anyon ve katyonlar
(TDS), toplam askida kat: madde (TSS), NO",+NO",, PO™,, SiO,, klorofil-a, N:P ve Si:P diizeyleri sirasiyla 25 °C, 23,3 ppt,
8,42,9,26 mg L, 23,9 gL', 36,1 mgL", 1,90 uM, 0,24 uM, 3,61 uM, 1,70 ug L', 12,5 ve 25 olarak belirlenmistir. Toplam
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fitoplankton yogunlugu ve biyo-hacim sirasiyla 2,86 x 10°- 1,5 x 10" hiicre L ve 5,98 x 10° - 8,81 x 10" um’ L™ olarak
hesaplanmistir. Bacillariophyceae taksonomik grubunun toplam fitoplankton biyo-hacmine olan katkisinin (% 66,5)
Dinophyceae taksonomik grubunun katkisindan (% 31,0) daha yiiksek oldugu goérillmiistiir. Calisma bélgesinin
fitoplankton kommunite yapisi 6-7 fitoplankton tiirii tarafindan kontrol edilmekte oldugu gézlenmigtir. Bu tiirler
disindaki diger tiirler fitoplankton yogunlugu ve biyo-hacminde 6nemli degisimlere sebep olmayan aksesuar tiirler olarak
distintlebilir. Bolgede, farkli zaman ve yogunluklarda farkl: tiirler tarafindan olugturulan 9-11 populasyon gelisim
egrisinin varligi gosterilmistir. Bu yiizden, fitoplankton tiirlerinin hayat dongiisiiniin 3-4 giin arasinda tamamlandig:
hesaplanmigtir. Bu ¢aligma sonucunda, bogazdaki iki tabakali akint1 sistemi ve Canakkale gehrinin evsel bogalimlar1
nedeniyle, fizikokimyasal degiskenlerin saat 08:00 ve 18:00 arasinda giin i¢inde olugan varyasyonlar1 genellikle 3 Temmuz
2002 ve 4 Agustos 2002 doneminde olusan giinliik varyasyonlarindan ¢ok daha yiiksek oldugu gosterilmistir.

Anahtar sozciikler: Canakkale Bogazi, yaz periyodu, fitoplankton, nutrient, klorofil-a, CTD data

Introduction

The Turkish Straits System, including the Sea of
Marmara, the Dardanelles (Canakkale Strait), and the
Bosphorus  (Istanbul  Strait), connects the
Mediterranean and the Black Sea region (1). The Sea
of Marmara is a semi-enclosed basin with an 11500
km” area and a 3378 km’ total volume (1). The
Dardanelles is located between the Aegean Sea and
the Sea of Marmara and has a 50 m mean depth, while
the Bosphorus is located between the Sea of Marmara
and the Black Sea and has a 35 m mean depth (1,2).

The nutrient dynamics in the system are affected
by the distinctly different 2-layer flow regime in the
Turkish Straits System. This causes variable seasonal
and episodic inorganic nutrient and organic matter
fluxes to the adjacent seas (1,2). For example, some of
the biogenic organic matter in the Black Sea inflow
can be naturally exported by the surface inflow
throughout the Sea of Marmara basin and reach the
Eastern Mediterranean via the Dardanelles (1,2).
Additionally, the polluted Black Sea surface inflow is
further contaminated by the waste discharge of the
city of Istanbul and released into the Bosphorus before
spreading into the Sea of Marmara upper layer (1,3,4).
Furthermore, vertical mixing provides nutrient input
from the Sea of Marmara lower layer, especially in the
Marmara-Bosphorus Junction region (4-6).

As stated in many studies (1,4,5), much of the
phosphorus and nitrogen in the Black Sea surface
outflow is utilized by micro-organisms and lost before
reaching the Dardanelles. On the other hand, the salty,
nutrient deficient Mediterranean water becomes
enriched by 5-9 folds during its passage through the
Sea of Marmara before reaching the Black Sea. With

212

the help of the surface counter flow and vertical
mixing, almost 50% of this nutrient-enriched inflow of
salty water is returned back to the Aegean basin while
the rest reaches the Black Sea (1). In addition to these
flow-nutrient interactions, a baseline data set, obtained
at the exits of the Bosphorus and Dardanelles from
1980 through 2000, allowed us to understand the
seasonal variations in the nutrient properties of the
counter flows in the Turkish Straits (2). For example,
when entering the Sea of Marmara, brackish outflow
from the Black Sea had low levels of inorganic nutrients
(PO”,-P < 0.1 umol L; NO ;+NO ,-N < 0.1-0.2 umol
L") from spring to fall. On the other hand, surprisingly
high nutrient concentrations (PO”,-P = 0.3-0.4 umol L
' NO ,+NO',-N = 5-7 umol L) were observed in early
winter (2). In this system, net primary production is
limited by nitrogen and is highest in regions of high
nutrient availability, such as the continental shelf and
upwelling areas.

The peaks in the primary productivity of the Black
Sea are generally known to occur twice a year (7-13)
while the Sea of Marmara normally has a 3-phase
sequence (14-16). In the Black Sea, a major diatom
bloom occurs in early spring, followed by a secondary
bloom, mainly comprising coccolithophores,
occurring in late spring. In the Sea of Marmara,
diatoms mainly bloom in March while dinoflagellates
bloom in April, and coccolithophores bloom in May-
July. In addition to early spring diatom blooms, there
are some diatom blooms in summer in the Turkish
Strait Systems. However, additional summer blooms
with a predominance of dinoflagellates and
coccolithophores have been increasing in recent years
as a result of eutrophication in the Turkish Strait
Systems (17-21).



For instance, a study on excessive bloom of
coccolithophore Emiliania huxleyi (Lohmann) Hay &
Mohler, 1967 in June and July 2003 revealed that this
species was found to be the dominant species
accounting for more than 90% of the phytoplankton
assemblage in summer (21). This study (21) also
indicated that other important species in summer are
Prorocentrum spp. and Ceratium spp. during the
bloom period in the Dardanelles. Prorocentrum
micans was the second most-abundant species
accounting for approximately 5.6% of the total
phytoplankton (21). This study indicated advancing
of E.huxleyi from the Black Sea through the Sea of
Marmara and the Dardanelles under favorable
conditions. This may be due to the climate changes in
addition to the dramatic eutrophication of the system
since the 1980s or this occurrence may just be an
artifact of the transport of this species by the help of
the 2-layer flow regime in the Dardanelles (21).

In this study, we explored the daily and diurnal
distributions of inorganic nutrients, chlorophyll a,
phytoplankton density, and bio-volume in relation to
the other environmental parameters (temperature,
salinity, pH, DO, and TDS) of the coastal area in the
Dardanelles in the summer period, which has high
phytoplankton blooms with a predominance of
diatoms, between 3 July and 4 August 2002. We also
tried to wuncover the connection between
eutrophication and existing cell densities among
major taxa in the study area. This study can be
considered as unique since it contains the first short
time series data about the nutrient-phytoplankton
interactions with respect to environmental parameters
in the summer period in the Dardanelles.

Materials and methods
Definition of study area and sampling period

Sampling station (Figure 1) is located 150 m far
from the cost and at 9 m depth. Since the station is
located in southeastern part of the Nara cape, it is
generally more affected by water characteristics of the
southern part than the northern part of the Nara cape
(18,19). Although sampling station is also an area near
to Canakkale harbor, it is more affected by flow
systems of the Dardanelles than that of the harbor.
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Figurel. Dardanelles and the sampling station (St).

For this study,
phytoplankton, nutrient, and chlorophyll a data were
analyzed from 1 station (D) located at 40°09'13"N
latitude and 26°24'27"E longitude (Figure 1). The
sampling period and frequency were planned as
diurnal and daily intervals in the summer period
between 3 July 2002 and 4 August 2002. Ninety nine
surface (0.5m) samples on 3 different time periods of
the day (08:00-09:00, 13:00-14:00, and 18:00-19:00
hours) were collected for nutrient, chlorophyll a, and
phytoplankton analyses.

water quality parameters,

Collection, preservation, and measurement of
the samples

Probe (CTD data) measurements

Temperature (T), salinity (S), pH, dissolved
oxygen (DO), and total dissolved solids (TDS) were
measured in surface water (0.5 m). The water quality
parameters were measured in situ using a YSI 556
Model Multiple Water Analysis Probe. Nutrient,
chlorophyll a, total suspended solid, and
phytoplankton samples were collected from the
surface with a Hydro-Bios Universal Series Water
Sampler (5 L).
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Total suspended solid (TSS) measurements

The water samples were filtered through a pre-
weighed GF/F glass fiber filters after the filters were
dried for 4 h at 105 °C in an oven. The residues
retained on the GF/F glass fiber filters were dried
again for 1 h at 105 °C in an oven. Then, the samples
were cooled in desiccator to balance the temperature
and weighed by a sensitive balance (22). TSS was
accepted as an increase in weight of the filter (22).

Nutrient measurements

Nutrient samples were transferred to 100 mL
polyethylene bottles and kept frozen until analysis.
Nutrient analyses including nitrate (NO',), nitrite
(NO,), soluble reactive phosphorus (PO”,), and
silicate (SiO,) were conducted using a Technicon
model 2-channel Auto-Analyzer according to
Strickland & Parsons (23).

Chlorophyll a measurements

Samples for chlorophyll a determination were
obtained immediately after the water sampling. The
samples were filtered through GF/F glass fiber filters.
Chlorophyll a concentration was analyzed
spectrophotometrically after extraction with 90%
acetone (23). Filters used for filtration of surface water
were wrapped in aluminum foil and kept frozen until
analysis.

Phytoplankton cell density and bio-volume
measurements

The quantitative phytoplankton samples were
preserved with acidic Lugol 2%-4% and kept at 2-4 °C
pending microscopic analysis. For enumeration of the
phytoplankton species, Uterhmohl Sedimentation
Chambers and Neubauer and Sedgewick-Rafter
counting slides were used in combination according
to the dimensions of the organisms (24-26).
Phytoplanktons were identified under phase-contrast
microscopy to the taxonomic level of species (27,28).
Depending on the density, sample volumes of 2-8 mL
were used. At least 20 random fields of view were
counted at 10:00", 400, and 200" magnifications for
different cell-size classes of phytoplankton. This
resulted in at least 400 individuals counted for each
dominant phytoplankton species with a +10%
counting precision within 95% confidence limit (29).
Phytoplankton bio-volume was calculated using
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geometric models improved by Sun & Liu (30) and
Biodiversity Pro/BD2.bdp designed and developed by
McAleece et al. (31).

Descriptive statistics and correlations of bio-
physicochemical data groups were conducted using
BioDiversity Pro/BD2.bdp (31,32). The BioDiversity
package was devised jointly by P.J.D. Lambshead and
G.L.J. Paterson of the Natural History Museum in
London and J.D. Gage of the Scottish Association for
Marine Science, Oban, Scotland. Growth capacity,
growth slope, and growth ratio of phytoplankton were
calculated following Venrick (26).

Results

Pearson correlation coefficients of different bio-
physicochemical data groups

Pearson correlation coefficients between different
biological and physicochemical data groups in the
coastal surface waters of the Dardanelles in the
sampling period are shown in Table 1.

CTD probe data and total suspended solids
(TSS)

Descriptive ~ statistic ~ results of  some
physicochemical parameters, daily and diurnal
distribution of temperature, salinity, pH, dissolved
oxygen (DO), total dissolved solids (TDS), and total
suspended solids (TSS) in the coastal surface waters of
the Dardanelles between 3 July 2002 and 4 August
2002 are shown in Table 2 and Figures 2 and 3.

Temperature and salinity varied between 22.5 and
26.5 °C (mean 25.04 °C) and 22.72 and 23.71 ppt
(mean 23.26 ppt), respectively (Table 2). Based on the
seasonal temperature, water temperature increased
during the sampling period except the values between
23 and 29 July due to vertical mixing between 2-layer
flows in the Dardanelles. There was a decrease in
temporal cycle of salinity during the sampling period
similar to the temporal cycle of TDS (Figure 2).
Temporal cycle of pH showed some fluctuations
throughout the sampling period (8.31-8.49; mean
8.42) (Table 1). Temporal cycle of pH was more
similar to temporal cycle of DO (r = 0.175) than the
other temporal cycles. pH values in periods of 10-20
July and 25-31 July were significantly higher than
those of the other periods (Figure 2).
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Table 1. Pearson correlation coefficients between different bio-physicochemical data groups in surface waters of Canakkale harbor in
the Dardanelles in the summer period (N: 99; Sig. 2-tailed).

NO’,+ Other Tot.
Temp Salin ~ PH DO TSS TDS NO, PO?, Sio, Chl-a Dinop Bacil. ~ Groups Phyto
Temp 1
Salin -0.579%* 1
0.000
pH 0.003 -0.035 1
0.975 0.734
DO 0.073 0.090  -0.012 1
0.473 0.377  0.906
TSS -0.003  0.133  0.090 0.024 1
0.973 0.190  0.377 0.812
TDS -0.594°¢  0.989** -0.042 0.074 0.098 1
0.000 0.000  0.681 0.465 0.336
NO,+NO’;  0.001 0.094  -0.270** 0.069 -0.273**  0.089 1
0.995 0.356  0.007 0.497 0.006 0.381
PO'{1 -0.097 0.333** -0.019 0.189 -0.004 0.306**  0.576** 1
0.340 0.001  0.854 0.061 0.973 0.002 0.000
Sio, -0.640%*  0.504** -0.056  -0.263** -0.140 0.527** 0.216*  0.279** 1
.000 .000 0.584 0.009  0.167 0.000 0.032 0.005
Chl-a -.074 -.007 0.208* -0.049  0.043 0.027 -0.176 -0.095  -0.166 1
465 .946 0.039 0.630 0.672 0.790 0.082 0.347 0.100
Dinophy -284%¢ 3137 0.071 0.019 0.279**  0.304**  -0.171 0.248*  0.141 0.176 1
.004 .002 0.484 0.853 0.005 0.002 0.091 0.013 0.164 0.081
Bacilari 0.050 -0.021  0.090 0.129 0.159 -0.023 -0.144 0.090 -0.134  0.570**  0.374* 1
0.623 0.836  0.377 0.205 0.115 0.821 0.156 0.377 0.186 0.000 0.000
Others -0.150  0.316** 0.056 0.404**  0.202* 0.294**  0.101 0.486** 0.102  -0.145 0.392**  0.059 1
0.139 0.001  0.580 0.000  0.045 0.003 0.319 0.000 0313 0.152 0.000 0.560
Tot.Phyto -0.030 0.060  0.093 0.130 0.215* 0.055 -0.163 0.153 -0.078  0.536**  0.580**  0.971** 0.177 1
0.770 0.555  0.361 0.198 0.032 0.589 0.107 0.130 0.441 0.000 0.000 0.000 0.079

* Correlations are significant at 0.05 level (2-tailed).

b Correlations are significant at 0.01 level (2-tailed).
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Table 2. Descriptive statistic results of some physicochemical parameters in the surface
waters of the Dardanelles in the summer period.
Descriptive Statistics
N Min. Max. Mean Std. Dev.
Temperature (°C) 99 22.50 26.50 25.0444 0.97009
Salinity (ppt) 99 22.72 23.71 23.2608 0.23080
pH 99 8.31 8.49 8.4161 0.03747
DO (mgL™") 99 8.46 10.09 9.2621 0.47957
TDS (g LY 929 23.41 24.32 23.9047 0.21053
TSS (mg L 99 16.80 76.00 36.1444 10.68483
27.0
&
o 26.0 10.5 A
g 250 =,10.0
£ 24.0 &
gt A OE 9.5
= 23.0 J 90
22.0 8.5
1 3 5 7 9 1113151719 2123 2527 29 31 33
24.0 8'01 357 9 11131517 19 2123 2527 29 31 33
. 25.0
81235 B
> - 245
£ _1 B
k= o0
= 230 > 24.0
&x A
= 235
22.5
1 3 57 9 1113151719 21 23 25 27 29 31 33 23.0
1 3 57 9 11131517 19 21 23 25 27 29 31 33
8.50 c 80.0
8.45 -
. o 60.0 C
o 8.40 g 400
3
8.35 = 20.0
8.3 0.0

1 3 57 9 11131517 19 21 23 25 27 29 31 33
Sampling Days (03 July 02-04 August 02)

Figure 2. Diurnal distribution of temperature (A), salinity (B),
and pH (C) in the Dardanelles in the summer period.

DO concentrations varied from 8.46 to 10.09 mg
L' (mean 9.26 mg L") during the sampling period
(Table 2), being lower in early July and early August
compared to other sampling dates (Figure 3).
However, there was super saturation and high
fluctuation level of DO except early and mid-July and
early August (Figure 3).
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1 3 57 9 11131517 19 21 23 25 27 29 31 33
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Figure 3. Diurnal distribution of dissolved oxygen (A), total
dissolved solids (B), and total suspended solids (C) in
the Dardanelles in the summer period.

TDS varied from 23.41 to 24.32 mg L' (mean 23.9
mg L") (Table 2) and temporal cycle of TDS were very
similar to temporal cycle of salinity (Figure 2). Similar
to the temporal cycle of salinity, the cycle of TDS
showed that there was a slow decrease from early July
to early August (Figure 3).



Due to the fact that Dardanelles have Black Sea
surface waters and take in high terrestrial and
domestic inputs from Canakkale city, TSS values
varied between 16.8 and 76.0 mg L' (mean 36.1 mg
L") during the sampling period (Table 2). The large
difference between minimum (16.8 mg L") and
maximum TSS values (76.0 mg L") was based on
diurnal fluctuations in time interval between 08:00
and 19:00 hours than daily fluctuations between 3 July
and 4 August except TSS values on 15 July (68.0-76.0
mg LY (Figure 3).

Nutrients and chlorophyll a

Descriptive Statistics of nutrients, chlorophyll a
and N:P and Si:P ratios are shown in Table 3. Daily
and diurnal distributions of nutrients and chlorophyll
a in the costal surface waters of the Dardanelles
during the study period are shown in Table 3 and
Figure 4, respectively.

Due to the increase in phytoplankton abundance
during the sampling period, N:P ratio (0.44-142.8;
mean 10.54) (Table 3) was lower than the assimilatory
optimal of the Redfield ratio (33). Generally, the N:P
ratio in this study was higher than the previously
reported N:P ratios (2.0-7.0; mean 4.22) in the costal
surface waters of the Dardanelles (19,34,35). However,
Si:P ratio (3.82-125.0; mean 22.52) was generally
similar to other Mediterranean ecosystems, such as
Eastern Mediterranean (Iskenderun Bay) (36) and
northern Aegean Sea (Saros Bay) (19, 37). Naturally,
the study area is nitrogen limited and low N:P ratio in
this study confirmed previously reported values of
Polat et al. (6) and Turkoglu et al. (19).
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Figure 4. Diurnal distribution of NO,+NO’, (A), PO?, (B), SiO,
(C), and chlorophyll a (D) in the Dardanelles in the

summer period.

Table 3. Descriptive statistics of nutrient, N:P and Si:P ratios, and chlorophyll a in the

Dardanelles in the summer period.

Descriptive Statistics

N Min. Max. Mean Std. Dev.
Nitrite+Nitrate 99 0.04 11.8 1.897 2.150
Phosphate 99 0.02 0.97 0.243 0.198
Silicate 99 0.64 8.50 3.610 2.147
Chlorophyll a 99 0.21 5.62 1.699 0.764
N:P Ratio 929 0.44 142.8 12.50 19.45
Si:P Ratio 99 3.82 125.5 24.97 22.34
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NO,+NO',, PO, and SiO, varied from 0.04 to
11.8 (mean 1.897 uM), from 0.02 to 0.97 (mean 0.243
uM), and from 0.64 to 8.50 uM (mean 3.610 uM),
respectively, in the coastal surface waters of the
Dardanelles (Table 3). There were high fluctuations
in nutrient concentrations, especially NO,+NO', and
PO”, concentrations, during the sampling period due
to intensive domestic inputs of Canakkale.
Particularly, the level of the diurnal nutrient
fluctuations in the time interval of 08:00 and 19:00
hours were higher than the level of the temporal
fluctuations in between 3 July and 4 August. The best
examples to these fluctuations are minimum and
maximum values of NO,+NO3 (0.63-11.83 uM) and
PO”, (0.13-0.97 uM) in different time periods (08:00-
09:00, 13:00-14:00, and 18:00-19:00 hours) of 22 July
2002. However, the temporal fluctuations of the NO
,+NO’, and SiO, concentrations were more regular
than the temporal fluctuation of the PO,
concentrations (Figure 4). Due to some excessive
diatom blooms, SiO, concentration showed a gradual
decrease between 3 and 23 July 2002. Then, SiO,
increased from 23 July to end of July. Due to other
excessive diatom blooms in early August, SiO, again
reduced to minimal values in first days of August

(Figure 4C) similar to the temporal cycle of PO,
(Figure 4B). This similarity between temporal
distribution of NO,+NO’, and that of PO, was
supported by the correlation coefficient between NO
,+NO’, and PO, (r = 0.609).

Chlorophyll a concentrations varied from 0.21 to
5.62 ug L' (mean 1.699 ug L") in the coastal surface
waters of the Dardanelles during the summer
sampling period (Figure 4D). The temporal
distribution of chlorophyll a approximately showed a
regular undulation (Figure 4D) and the chlorophyll a
values were generally similar to the summer results in
previous studies (18-20,34,35). Chlorophyll a was
more significantly correlated with phytoplankton bio-
volume (r = 0.536) than with phytoplankton cell
density (r = 0.482).

Phytoplankton cell density and bio-volume

Results of descriptive statistic in density, bio-
volume, and rates (%) of different phytoplankton
groups are shown in Tables 4 and 5. Daily and diurnal
distribution of phytoplankton density and
phytoplankton bio-volume in the coastal surface
waters of the Dardanelles between 3 July 2002 and 4
August 2002 are also shown in Figures 5 and 6.

Table 4. Results of descriptive statistic in density and bio-volume of different phytoplankton taxonomic groups in the Dardanelles in

summer period.

Cell Density (Cell L)

Bio-volume (pm3 LY

Taxonomic Samp N
Groups Time Min Max Mean SD Min Max Mean SD
Dinophyceae 0800-0900 33 220x 10" 865x10° 212x10° 1.71x10° 9.00x10° 1.69x10"°  432x10°  3.54x10’
1300-1400 33 147x10° 8.80x10° 1.97x10° 1.60x10° 3.11x10° 8.26x10’ 353%x10°  2.22x10°
1800-1900 33 0.00 425%x10° 1.66x10° 1.13x10° 0.00 8.42x10°  3.17x10° 226x10°
Bacillariophyceae ~ 0800-0900 33 2.42x10° 1.43x10" 214x10° 266x10° 1.52x10° 816x10"° 1.08x10" 1.42x10"
1300-1400 33  4.99x10° 6.93x10° 1.65x10° 1.67x10° 136x10° 351x10°  8.07x10°  6.45x10°
1800-1900 33  4.40x10* 1.07x10° 1.65x10° 2.14x10° 153x10° 3.80x10° 832x10° 8.18x10°
Other Taxonomic  0800-0900 33 0.00 243%x10° 582x10° 6.33x10° 0.00 127x10°  291x10°  3.34x10°
Groups 1300-1400 33 0.00 293%x10° 637x10°  6.19x10° 0.00 155x10°  3.01x10°  3.47x10°
1800-1900 33 0.00 2.64x10° 6.84x10° 6.57x10° 0.00 1.38x10°  293x10°  3.32x10°
Total Phytoplankton 0800-0900 33  3.08x10° 1.50x 10" 291x10° 266x10° 223x10° 881x10"° 1.54x10" 1.60x 10"
1300-1400 33  4.84x10° 7.41x10° 245x10° 1.66x10° 1.94x10° 3.80x10" 1.18x10"  7.36x10’
1800-1900 33 2.86x10° 1.08x10° 250x10° 211x10° 598x10° 450x10° 1.18x10"  9.50x 10’
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Table 5. Descriptive statistic results (%) of different phytoplankton taxonomic groups in

the Dardanelles in summer period.

Ratios (%)
Taxonomic Sampling N
Groups Time Min Max Mean SD
Dinophyceae 0800-0900 33 2.77 63.86 31.06 16.19
1300-1400 33 5.56 57.58 31.42 13.65
1800-1900 33 0.00 88.55 30.53 17.76
Bacillariophyceae 0800-0900 33 27.70 97.23 66.56 17.05
1300-1400 33 38.00 94.35 65.87 14.64
1800-1900 33 3.51 100.00 66.98 18.81
Other Taxonomic 0800-0900 33 0.00 12.49 2.38 2.89
Groups 1300-1400 33 0.00 17.90 2.71 3.56
1800-1900 33 0.00 8.83 2.48 2.39
L3E+07  ther Taxonomic groups 8.8E+10 4+ Taxonomic groups
. 1.2E+07 Bacillariophyceae A . 7.0E+10 Bacillariophyceae A
= 9.0E+06  Dinophyceae 7 53E410  Dinophyceae
E 6.0E+06 §3.5E+10
3.0E+06 1.8E+10
0.0E+00 0.0E+00
1 35 7 9 1113 15 17 19 21 23 25 27 29 31 33 1 35 7 9 1113 15 17 19 21 23 25 27 29 31 33
1.5E+07 8.8E+10
_ L2E+07 B 7.0E+10
2 9.0E+06 ré 5.3E+10
O 6.0E+06 B <35E+10 B
3.0E+06 1.8E+10
0.0E+00 0.0E+00
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33
1.5E+07 8.8E+10
1.2E+07 7.0E+10
% 9.0E+06 c :’; 5.3E+10 c
O 6.0E+06 =3.5E+10
3.0E+06 1.8E+10
0.0E+00 0.0E+00
1 3 5 7 9 1113 15 1719 21 23 2527 29 31 33 1 3 5 7 9 1113 15 1719 21 23 2527 29 31 33

Days
03 July 2002-04 August 2002

Figure 5. Diurnal fluctuations in the density of different
phytoplankton groups in the Dardanelles in the
summer period (Sampling times; A: 0800-0900, B:
1300-1400, C: 1800-1900).

Days
03 July 2002-04 August 2002

Figure 6. Diurnal fluctuations in bio-volume of different

phytoplankton groups in the Dardanelles in the
summer period (Sampling times; A: 0800-0900, B:
1300-1400, C: 1800-1900).
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While Dinophyceae cell density and bio-volume
varied from 0.00 to 8.80 x 10’ cells L' (mean 1.92 x
10° cells L") and from 0.00 and 1.69 x 10" yum’L"
(mean 3.67 x 10° um’ L), Bacillariophyceae cell
density and bio-volume varied from 4.40 x 10" to 1.43
x 10 cells L (mean 1.81 x 10° cells L'1) and from 1.53
x10°t0 8.16 x 10" um’ L™ (mean 9.06 x 10° um’L™"),
respectively. Cell density and bio-volume of the other
taxonomic groups (Cyanophyceae, Prymnesiop-
hyceae, Dictyochophyceae, and Euglenophyceae)
varied from 0.00 and 2.93 x 10° cells L' (mean 6.34 x
10° cells L) and from 0.00 and 1.55 x 10’ um’L"
(mean 2.95 x 10° um’L™). Total phytoplankton cell
density and bio-volume also varied from 2.86 x 10” to
1.50 x 10" cells L (mean 2.62 x 10°cells L") and from
5.98 x 10°to0 8.81 x 10" um’ L™ (mean 1.30 x 10"’ ym’
L"), respectively (Table 4).

Although there were dramatic changes due to
various algal blooms during the summer period,
phytoplankton growth capacity in the period between
16 July and 4 August 2002 was much higher than the
period between 3 July and 16 July 2002 in view of cell
density (Figure 5). Although the largest contribution
to the total phytoplankton growth was by diatoms
(Bacillariophyceae) in the period of high
phytoplankton growth capacity, contribution of
diatoms was decreased in the period of lower
phytoplankton growth capacity in terms of cell
density. In the period of lower phytoplankton growth
capacity, contribution of other taxonomic groups
(Cyanophyceae, Prymnesiophyceae,
Dictyochophyceae, and Euglenophyceae) to the total
phytoplankton was much higher than contributions
of Dinophyceae and Bacillariophyceae in terms of cell
density (Figure 5). On the other hand, phytoplankton
growth capacity, especially Bacillariophyceae, early in
the day (08:00-09:00) was much higher compared to
mid-day (13:00-14:00) and later in the day (18:00-
19:00) (Table 4 and Figures 5 and 6).

In contrast to cell density, phytoplankton bio-
volume levels in the first half period of the sampling
period (3-21 July 2002) was much higher compared
to the second half of the sampling period (17 July-4
August 2002) due to combinations in dimensions of
the organisms (Figure 6). While there were large sized
phytoplankton species, such as dinoflagellates
Prorocentrum  spp.  (especially  Prorocentrum
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compressum (Bailey, 1850) Abé ex Dodge, 1975,
Prorocentrum micans Ehrenberg, 1834, Prorocentrum
scutellum Schroder, 19:00 and diatoms Pseudosolenia
calcar-avis (Schultze) Sundstrom, 1986, Pseudo-
nitzschia pungens (Grunow ex P.T. Cleve) Hasle, 1993,
in the first half of the study period, there were small
sized species, such as diatoms Chaetoceros spp.
Ehrenberg, 1844,  Cylindrotheca  closterium
(Ehrenberg) Reiman and Lewin, 1964, Leptocylindrus
danicus P.T. Cleve, 1889, Dactyliosolen fragilissimus
(Bergon) G. R. Hasle, 1991, in the second half of the
study period. Due to decrease in Prorocentrum spp.,
there was a fall in the number of dinoflagellates in the
second period in terms of both cell density (Figure 5)
and bio-volume (Figure 6). In terms of both cell
density and bio-volume, although diatoms
(Bacillariophyceae) showed some bloom patterns in
the summer period (Figures 5 and 6), dinoflagellates
(Dinophyceae) showed more regular and stabile
fluctuations in the sampling period especially in
temporal distribution of bio-volume (Figure 6).

Contributions of Dinophyceae, Bacillariophyceae,
and other taxonomic groups (Cyanophyceae,
Prymnesiophyceae, Dictyochophyceae, and
Euglenophyceae) to the total phytoplankton varied
from 0.00% to 88.6% (mean 31.0%), from 3.51% to
100.0% (mean 66.5%), and from 0.0% to 17.9% (mean
2.52%), respectively (Table 5). The major
contributions to the total phytoplankton population
came from dinoflagellates P. compressum, P. micans, P.
scutellum, and diatoms Chaetoceros spp., C. closterium,
L. danicus, P. pungens, P. calcar-avis, D. fragilissimus,
E. huxleyi in the coastal surface waters of the
Dardanelles. These species were also responsible for
blooms in different times during the sampling period.
For instance, diatoms D. fragilissimus, P. pungens, and
L. danicus were responsible for the peak on 17 July
2002.

Although dinoflagellate P. compressum was the
species responsible for the peak in the temporal
distribution of dinoflagellate on 12 July (day 10),
diatoms P, calcar-avis and P. pungens were responsible
for the peak in the distribution of diatom on 17 July
(day 15) similar to the peak in the distribution of
diatom on 12 July (Figures 5 and 6). On the other
hand, D. fragilissimus contributed to the peak of 17
July in addition to above 2 diatoms. Contribution of



the 3 species to diatom peak was above 90% on 17
July. Otherwise, contribution of P. compressum to
Dinophyceae was above 50% in the peak of 12 July
(day 10). Contributions of the 4 species to the total
phytoplankton population were between 50% and
75% during the sampling period.

Discussion

The study was carried out to explore not only the
daily distributions of inorganic nutrients (NO ,+NO
» PO?, and SiO,), chlorophyll a, phytoplankton
density, and bio-volume in the summer period (3 July
2002 and 4 August 2002), but also diurnal
distributions of those in very short time intervals
(09:00, 14:00 and 18:00 hours) in relation to the other
environmental parameters (CTD probe data) in the
costal surface waters of the Dardanelles during the
sampling period. This study is unique since it contains
the first very short time series data about the nutrient,
phytoplankton interactions with respect to
environmental parameters in the costal surface waters
of the Dardanelles.

Due to vertical mixing between 2-layer flows in the
Dardanelles, temporal cycle of temperature and
salinity were variable like in the other temporal
distributions, such as pH, DO, and TDS not only
during the full sampling period (3 July and 4 August
2002), but also during the diurnal period (08:00-
18:00) (Figures 2 and 3). Temperature distribution
showed that there was an unseasonal decrease in
temperature between 25 and 29 July 2002 due to
intense vertical mixing of the counter-flows in the
Dardanelles (Figure 2). In a previous study by
Turkoglu et al. (38), temperature and salinity
measurements showed high variability in the
southern part of the Nara cape in the Dardanelles. The
narrowing of the Dardanelles leads to different surface
temperature and salinity values in the northeast and
southwest of the Nara Cape. The surface waters in the
southern part of the Dardanelles were also more
saline especially in spring and winter compared to
other seasons (18,19,38). Additionally, salinity
variations affect other biological and physicochemical
variations due to different characters of the lower layer
waters. For instance, correlations between salinity and
other physicochemical parameters indicated that TDS
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(r=0.999) and temperature (r = -0.613) were strongly
affected by salinity variations. Especially, the negative
correlation between salinity and temperature had
arisen from lower temperature values in the lower
layer compared to the surface layer temperature in the
summer period. At the same time, there were super
saturation levels of DO (8.46 to 10.09 mg L") in early
July and early August due to vertical mixing and
phytoplankton blooms. However, there were high
fluctuation levels of DO in the sampling period.

Due to inputs from coastal area and Black Sea
surface waters, TSS values were found in high levels
(16.80 and 76.0 mg L''; mean 36.14 mg L) in the
costal surface waters of the Dardanelles during the
summer period. However, these high TSS values were
not related with phytoplankton and it was supported
by low correlation coefficients between TSS and
phytoplankton (r = 0.215) (Table 1). However, the
correlation between Dinophyceae and TSS (r = 0.279)
and between other taxonomic groups and TSS (r =
0.202) were higher than the correlation between
Bacillariophyceae and TSS (r = 0.159). This
relationship showed that Dinophyceae growth will
able to be much higher than Bacillariophyceae growth
in coastal marine systems having high TSS levels.
However, it is known that TSS is not only dependent
on quantity of non-living suspended inorganic
particulate material in waters, but on the quantity of
suspended organic particulate material, such as
phytoplankton, as well. It is also known that the effect
of phytoplankton, especially Bacillariophyceae, on
TSS in offshore ocean waters was higher compared to
coastal waters (39).

Daily and diurnal distributions of NO,+NO’,
(0.04-11.8; mean 1.897 uM), PO’34 (0.02-0.97; mean
0.243 pM), and SiO, (0.64-8.50; 3.610 puM) have
showed periodic fluctuations similar to the temporal
cycle of the phytoplankton cell density and bio-volume
in the coastal surface waters of the Dardanelles. Besides
the temporal variations in the nutrient concentrations,
the southern part of the Dardanelles receives notable
nutrient inputs due to domestic wastes from Canakkale
(34,35) and from the rivers such as Saricay and
Kalabakli (1,6,38). Therefore, in some periods
(especially 8, 12-13, 17-18, 22, 25-26, and 31 July 2002)
of this study, extra accumulation of inorganic nutrients,
especially NO,+NO’, and PO”, were highly
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pronounced as connected with flow direction and
speed. Additionally, the observed maximum values in
different periods were principally due to entrainment
of the inorganic nutrient-enriched salty Mediterranean
waters from the lower layer by intense vertical mixing
with the western basin surface layer. Therefore, the
differences between diurnal temporal (08:00-19:00
hours) levels of NO ,+NO’, and PO, were higher than
the differences between daily temporal (3 July-4
August 2002) levels of NO,+NO’, and PO, in some
periods of the study period. However, the temporal
fluctuation of the PO”, was more regular than
temporal fluctuation of the NO,+NO',. As a result of
the high diurnal fluctuations, differences between
minimum and maximum levels of NO',+NO’, and PO'
’, showed that the difference in NO,+NO’, (0.04-
11.76) was much higher than the difference in PO,
(0.02-0.97) in the summer period. In fact, it has been
shown that nutrient concentrations encountered in the
Mediterranean waters are controlled by the exchanges
at the straits (39).

On the other hand, during its passage through the
Dardanelles, the Black Sea surface water outflow loses
much of its phosphorus and nitrogen through
utilization and vertical loss (1). Additionally, the salty
Mediterranean inflow to the Marmara deep basin
through the Dardanelles contains low nutrient
concentrations (1). However, levels of NO,+NO',
(0.04-11.76; mean 1.90 uM) and PO’34 (0.02-0.97;
mean 0.24 pM) in this study were much higher than
summer levels between 1995 and 1999 and in July
2001 in the same study area (34,35,40). It is known
that there was an increase in nutrient concentrations
in the summer period (especially in July) in addition
to peaks in spring, winter, and autumn periods in the
costal surface waters of the Dardanelles (19, 34, 35,
40).

According to the values of correlation between
salinity and other nutrients (Table 1), higher positive
correlation between SiO, and salinity (r = 0.504)
revealed that SiO, was more affected from salty deep
waters of the Dardanelles than the domestic waste
waters of Canakkale. On the other hand, high nutrient
concentration levels in early hours (09:00-10:00) of
the day caused high phytoplankton growth capacity
in the same periods of the day during the sampling
period (Figures 5 and 6). In contrast to other
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variations, although phytoplankton growth capacity
in early hours of the day was much higher than other
time periods of the day, daily variations of
phytoplankton between 3 July and 4 August were
generally much higher than diurnal variations
between 08:00 and 18:00 hours due to algal blooms in
different times during the sampling period.

While there was gradually decreased in SiO,
concentration in the period of the high diatoms
growth (between 3 and 23 July 2002), there was an
increase in the period of the low diatom growth
(between 23 and 30 July 2002). This similarity
between temporal distribution of SiO, and diatoms
was supported by significant negative correlation
coefficient between them at the 0.01 level (r = -0.295).
On the other hand, the negative correlation between
§iO, and diatom cell density (r = -0.295) was more
significant than between SiO, and diatom bio-volume
(r =-0.134) (Table 1). These correlations showed that
utilization of SiO, by diatoms was more connected
with diatom cell density than with diatom cell volume.

The chlorophyll a concentrations ranged from 0.21
t0 5.62 ug L™ (1.70 ug L") in the summer periods. The
observed mid-July (12 July and 17 July 2002) and early
August (2 August 2002) maxima were principally due
to diatom (P. pungens, P. calcar-avis, and D.
fragilissimus) and dinoflagellate (P. compressum)
blooms in the study area. Despite maximum values of
chlorophyll a on 12 July, 2 August 2002 (4.42 pg L)
and 17 July 2002 (5.62 ug L), average chlorophyll a
concentration (1.70 pg L") was under the 2 pg L
during the study period. High chlorophyll a values
and phytoplankton production capacity showed that
costal surface waters of the Dardanelles has high
eutrophication structure in summer period. Average
chlorophyll a value (1.70 ug L) in this study was
lower than July 2001 (3.34 pg LY, July 2002 (3.17 pg
L"), and July 2003 chlorophyll a values (2.94 pg L)
in the southern area of the Dardanelles (19). However,
the average value in this study was higher than in the
Aegean Sea (37,41) and in other parts of the
Mediterranean Sea (Salihoglu et al., 1990). This study
showed that the relationship between chlorophyll a
and phytoplankton (r = 0.536) was significant at 0.01
level. This situation validates dramatic undulation in
diurnal variations of chlorophyll a, especially on 12
(day 10), 17 July (day 15) and 2 August 2002 (day 31).



However, this dramatic undulation is more affected
by diatoms (r = 0.570) than dinoflagellates (r = 0.176).

High nutrient concentrations and high
phytoplankton densities in the study period showed
that surface waters of Dardanelles can be
eutrophicated from time to time, comparable to their
levels in the Black Sea (9,10,12,13,42) and in the Sea
of Marmara (1,4). Phytoplankton community
structure was observed to be controlled by 1-2
dinoflagellates (P. compressum and P. micans), 3-4
diatoms (P. pungens, P. calcar-avis, D. fragilissimus,
and Chaetoceros spp.) and a globally significant
coccolithophore (E. huxleyi) in the early summer
period in the costal surface waters of the Dardanelles
as shown in eutrophicated ecosystems, such as the
Sinop Bay in the Black Sea (10,12,13,42) and
Iskenderun Bay in the eastern Mediterranean (43).
Other species can be considered as insignificant
species not causing important fluctuations in the
phytoplankton density and bio-volume as shown by
many researchers (9,10,12,13,44,45). This study
showed that the relationship between chlorophyll a
and Bacillariophyceae (r = 0.570) was more important
than the relationship between chlorophyll a and
Dinophyceae (r = 0.176) and between chlorophyll a
and other taxonomic groups (r = -0.145). These
relationships between chlorophyll a and the major
taxonomic groups of phytoplankton showed that
chlorophyll a was highly controlled by species of
Bacillariophyceae than those of Dinophyceae and
other taxonomic groups. In fact, the very important
relationship between Bacillariophyceae and total
phytoplankton (r = 0.702) also support the important
contribution of Bacillariophyceae to the total
phytoplankton population.

It has been showed that there are 9-11 population
growth slopes for different species, such as
dinoflagellates P. compressum and P. micans and
diatoms P. pungens, P. calcar-avis, D. fragilissimus at
different times and different densities in the costal
surface waters of the Dardanelles during the summer
period (Figures 6 and 7). Therefore, it can be said that
life cycles of phytoplankton species are completed
between 3-4 days. It was shown in a similar study
carried out in Mersin harbor between 1995 and 1997
that growth rate of P micans was ~3.37 day L™ (46).
Due to the fact that dinoflagellates Prorocentrum spp.,
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such as P. compressum and P. micans, were chiefly
dominant phytoplankton species together with
diatom species, such as P. pungens and P. calcar-avis,
in the study area, population growth rate of
phytoplankton was similar to the one observed in
Mersin harbor (46).

Conclusion

As a result, diurnal variations of biological and
physicochemical parameters between 08:00 and 18:00
hours were generally much higher than daily
variations between 3 July and 4 August due to 2
counter-flow systems of the Dardanelles and domestic
inputs of Canakkale.

We also revealed that the process of eutrophication
is accompanied by a shift in the existing cell density
relations among major taxa due to high nutrient
concentrations. Although coastal surface waters of the
Dardanelles are originated from the Black Sea surface
waters polluted by various terrestrial sources,
contribution of dinoflagellates (30.5%-31.4%) were
much lower than contribution of diatoms (65.9%-
67.0%) to the total phytoplankton population in the
costal surface waters of the Dardanelles. On the other
hand, contributions of Dinophyceae species (52.0%-
59.1%) to the total phytoplankton population were
much higher than contributions of Bacillariophyceae
species (39.8%-42.7%) to the total phytoplankton
population in the Black Sea (Sinop Bay) (9,12,13).
While contributions of Bacillariophyceae to the total
phytoplankton population were gradually decreasing,
contributions of Dinophyceae and other mixotrophic
taxonomic groups to the total phytoplankton
population were gradually increasing in marine
systems polluted by terrestrial inputs. In fact, a
previous study in the Black Sea (Sinop Bay) during
1995 and 1996 showed that contributions of
dinoflagellates (52.0%-59.1%) were much higher than
the contributions of diatoms (39.8%-42.7%) to the
total phytoplankton population in the summer period
(8,9,12,42). Although surface waters of the
Dardanelles are the origin of the Black Sea surface
waters, it can be said that surface waters of the
Dardanelles was less polluted than the Black Sea
according to contributions of different taxonomic
groups to total phytoplankton. As stated in many
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studies (1,4,5), since much of the nutrients in the
Black Sea surface outflow is utilized by phytoplankton
and lost before reaching the Dardanelles due to
vertical sinking, nutrient concentrations of the
Dardanelles remain generally lower than the values of
the Black Sea (12,13).
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